Introduction
============

Primary shoulder replacement surgery has been shown to provide early improvements in shoulder specific and overall quality of life measures when used for end stage glenohumeral arthropathies.[@ref1] [@ref2] [@ref3] Although the number of replacements do not yet match those of the hip and knee, recent trends from international joint replacement registries show a rapid increase in the incidence of primary shoulder replacements performed and the rapid adoption of newer implant technologies.[@ref4] [@ref5] Despite this growth, no large scale trials and very few published studies have been carried out on the long term outcomes across different age groups, including the risks of revision surgery. A small study with short follow-up suggested that the risk of early revision surgery might be greater in those aged less than 59 years.[@ref6]

For all surgical procedures, shared decision making should be informed by evidence and include a full discussion of the risks, benefits, and alternatives to surgery.[@ref7] [@ref8] Information should be shared in a format that can be easily understood by patients.[@ref8] [@ref9] For joint replacement surgery, the risk of revision surgery is important and is commonly presented using time-to-event survival analyses at fixed time points, typically five and 10 years.[@ref10] A study of patient preferences found that patients favour risk description in terms of lifetime risk, and prefer longer over shorter follow-up for fixed time estimates.[@ref11] Lifetime risk statistics are commonly used in cancer epidemiology and have only recently been used to describe revision risk after leg joint replacement surgery, where the increased risks for younger patients have been starkly exposed.[@ref12]

Besides being informed about the risks of revision surgery, patients should also be provided with high quality estimates of serious adverse events, including myocardial infarction, thromboembolic disease, and all cause death. Data on these and other events, such as pneumonia, acute kidney injury, and stroke, are sparse. The precision of event frequency estimates is limited by study sample size, and confidence intervals are rarely reported. The one study that provided some risk estimates on elective shoulder replacement used hospital episode statistics (HES) for England data and identified 12 pulmonary embolic events within 90 days from a sample of 10 229 shoulder replacements (0.1%) performed between 2005 and 2008.[@ref13] The sample size was small and considerably underpowered for both the number of associations tested and the interrupted time series analysis performed.

There therefore remains a lack of published evidence from large real world data on serious adverse events and the long term risks of primary elective shoulder replacement, including lifetime revision risk. We used a large HES dataset to calculate age and sex specific estimates for the lifetime risk of undergoing a revision joint replacement, or a reoperation procedure, together with precise estimates of the incidence of serious adverse events occurring within 30 and 90 days after a primary elective shoulder replacement.

Methods
=======

Data source
-----------

We extracted individual participant data from the admitted patient care (APC) database within HES. HES is a data warehouse recording all activity carried out in National Health Service hospitals or funded by the NHS in England.[@ref14] Submission of records to HES is mandated for accurate remuneration of NHS hospitals, and as such HES provides universal coverage of day case and inpatient surgical care. It is also the standard tool against which the National Joint Registry of England, Wales, Northern Ireland, and the Isle of Man (NJR) audits its data submission compliance from NHS hospitals.[@ref15] HES APC data are stored according to financial year as "finished consultant episodes," detailing procedures and dates when they were performed using the Office of Population Censuses and Surveys Classification of Interventions and Procedures, version 4 (OPCS-4) codes and diagnoses using World Health Organization International Classification of Diseases, 10th revision (ICD-10) codes. To avoid disclosure of personal identifiers, NHS Digital releases individual level data in a pseudonymised format with a restricted level of detail for demographic fields. Longitudinal follow-up of subsequent surgical interventions can be carried out by linking episodes through pseudonymised identifiers.[@ref16] HES data also contain accurate records for cause and date of death from civil registration mortality data (formerly provided by the Office for National Statistics). We obtained aggregate age and sex standardised mortality rates for England at five yearly age intervals from publicly available ONS tables generated for the year ending 2016.[@ref17]

Participants
------------

Based on the OPCS-4 code list (see supplementary file), we identified all patients in the HES APC database with a matching code for a primary elective shoulder replacement procedure between 6 April 1998 and 5 April 2017. We included patients in the study if they were aged 50 years or older at the time of surgery. Exclusions were presence of a primary diagnostic (ICD-10) code identifying the indication for surgery as acute shoulder trauma or a primary or secondary bone tumour. Mortality rates in the general population and in comparable studies of perioperative mortality in leg arthroplasty studies have both improved considerably over the study period.[@ref18] To account for this, we calculated mortality rates for a subset of patients undergoing surgery in the five years between April 2012 and April 2017.

Data processing
---------------

To produce the raw study dataset, we extracted all episodes linkable to an included patient through a valid pseudonymised identifier, including the index episode and any prior or subsequent APC activity during the study period. We defined the index event as the first primary shoulder replacement procedure performed on either side, and the first subsequent shoulder replacement procedures per side as revision procedures. A set of non-arthroplasty procedures were recorded as reoperations (see supplementary file for OPCS-4 codes identifying revisions and reoperations). Duplicates were excluded, along with logically inconsistent operative sequences (ie, the first procedure had to be a primary one and could not be preceded by a revision procedure).

Primary diagnoses and serious adverse events were identified based on specific ICD-10 codes (see supplementary file). The Charlson comorbidity indices were calculated using the ICD-10 codes from HES APC records up to and including the index episode and using a previously validated algorithm.[@ref19]

Statistical analysis
--------------------

Data were grouped into five year age bands according to participant age and sex at the time of primary surgery, with the final group of participants aged 85 years and older. The unit for survival analyses was each primary procedure. For participants with both right and left shoulders replaced, we presumed the survival of the implant and censoring for death to be independent, in keeping with the standard practice employed by the NJR.[@ref20] We counted the number of valid primary cases by age, sex, and UK financial year (6 April to 5 April).

Using the actuarial life table method, we calculated revision-free and reoperation-free implant survival rates over 19 years of follow-up, applying revision, reoperation, and mortality events as multiple decrements at the end of each single year period. To reduce the leverage effect of rare late events, we excluded years of follow-up with fewer than 100 participants remaining at risk. We assumed that censored participants, through loss to follow-up at the end of the study, contributed half to the time at risk.[@ref21] From this we calculated person time incidence rates for each year of follow-up as the quotient of the number of revisions (or reoperations) performed divided by the total time at risk.

Estimates of lifetime risk were calculated using approaches established in the oncology literature, and recently applied to the lifetime risk of implant revision after total hip or knee replacement.[@ref12] [@ref21] [@ref22] [@ref23] [@ref24] The approach involves creating a standardised hypothetical population for each of the five year age bands from 50 to 54 years to 85 years and older, to which the age and sex specific person time incidence rates and ONS mortality rates were applied to calculate an estimate of lifetime risk as the sum of the "current probability" for each sequential year of follow-up.

The Kaplan-Meier method was used for time to event implant survival analyses, stratified where indicated by age and sex. We calculated confidence intervals for Kaplan-Meier survival estimates on a log-log scale.

Serious adverse events were reported as simple rates. Assuming a Poisson distribution, we used the delta method to calculate 95% confidence intervals. We compared risks rates for pulmonary embolism using a 2×2 contingency table to the background population risk calculated from a large UK prospective cohort of women aged 50-64 years (0.007% per 90 days, derived from 1547 events in 5 136 506 person years).[@ref25] We used the same method to compare the mortality risk with data from the ONS. The effect of age on the risk of any serious adverse event was modelled using a logistic regression model adjusted for sex and Charlson comorbidity index score. Age was handled as a continuous variable using restricted cubic splines (three knots) to account for a non-linear relation. Model performance was validated using 200 bootstrap samples.

Missing data and censoring
--------------------------

We censored participants at the end of the study period (5 April 2017). Incomplete records for any of age, sex, and date of surgery were present in a small number of cases (0.2%) and on the assumption that the data were missing completely at random, we excluded these records from the analysis.

Data cleaning and preprocessing was performed using Stata MP (release version 15.0; Statacorp, College Station, TX). Analyses and production of figures were carried out using R version 3.4.0 (R Core Team; R Foundation for Statistical Computing, Vienna, Austria).

Patient and public involvement
------------------------------

No patients were directly involved in setting the research question, nor were they involved in the design, conduct, or interpretation of the study. However, patients involved in the 2015 James Lind Alliance Priority Setting Partnership confirmed that the lack of evidence on outcome after elective shoulder replacement was an important research area and was subsequently made one of the top 10 research priorities.[@ref26]

Results
=======

Between 6 April 1998 and 5 April 2017, 58 054 eligible elective primary shoulder replacement procedures in 51 895 adults were identified for inclusion in the study. [Figure 1](#f1){ref-type="fig"} shows the flow of participants through the study, with exclusions. The mean age at primary surgery was 72.2 years (SD 8.9), 42 080 procedures (72%) were performed in women, the mean Charlson comorbidity index score was 1.05 (SD 1.49), and the most common indication for shoulder joint replacement was osteoarthritis or rotator cuff tear arthropathy (n=39 835, 69%), followed by inflammatory (n=6251) or other conditions (n=6241, 11% each), previous trauma (n=4784, 8%), and osteonecrosis (n=763, 1%). Shoulder replacement surgery was performed bilaterally in 6159 participants. Overall, 57 601 (99%) procedures were followed by at least one night in hospital: median stay 3 nights (interquartile range 2-5 nights). The maximum follow-up was 19 years (mean 5.6 (SD 4.1)), and the maximum time recorded to revision was 16.4 years, with 1015 procedures remaining at risk beyond this time. The annual case volume increased 5.6-fold over the study period (1018 cases in 1998 to 5691 cases in 2016), with increasing numbers of procedures performed across all age groups ([table 1](#tbl1){ref-type="table"}).

![Study data flowchart](crar047835.f1){#f1}

###### 

Number of elective shoulder replacements included by UK financial year, stratified by age and sex

  Age groups   No of elective shoulder replacements by UK financial year                                                                                                                          
  ------------ ----------------------------------------------------------- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
  Men:                                                                                                                                                                                            
   50-54       33                                                          28     19     23     21     28     40     39     58     69     65     74     62     59     74     83     83     73     82
   55-59       37                                                          37     39     38     50     54     47     64     91     88     71     87     92     94     96     119    109    124    154
   60-64       41                                                          46     53     52     50     70     64     99     118    155    150    165    157    161    155    182    172    162    202
   65-69       38                                                          62     46     60     71     92     91     109    146    175    175    193    187    243    241    268    286    282    327
   70-74       42                                                          51     62     52     61     73     107    106    136    161    187    206    240    233    246    278    314    314    348
   75-79       24                                                          46     44     47     50     46     66     100    106    125    155    170    205    201    234    241    309    271    346
   80-84       12                                                          14     21     26     33     35     26     41     59     56     84     93     84     115    125    150    153    171    186
   ≥85         8                                                           8      8      9      10     13     16     15     21     26     44     42     55     54     52     52     67     66     71
  Women:                                                                                                                                                                                          
   50-54       45                                                          37     49     50     37     44     38     45     53     62     55     54     70     64     77     64     64     93     75
   55-59       54                                                          57     61     54     84     68     79     86     109    123    128    110    124    130    144    144    115    131    141
   60-64       85                                                          109    102    94     117    128    142    173    174    261    239    245    244    257    250    259    240    262    261
   65-69       136                                                         111    147    127    148    191    222    269    304    352    373    410    359    442    467    576    545    527    600
   70-74       150                                                         180    156    180    194    271    267    355    387    478    553    589    607    673    685    711    796    847    873
   75-79       173                                                         237    193    211    239    303    304    372    431    484    583    630    638    685    769    830    913    892    1015
   80-84       99                                                          102    120    137    171    218    239    262    312    348    406    397    475    500    513    555    639    641    680
   ≥85         41                                                          62     80     82     81     78     85     143    167    199    212    270    230    266    282    285    285    268    330
  Total        1018                                                        1187   1200   1242   1417   1712   1833   2278   2672   3162   3480   3735   3829   4177   4410   4797   5090   5124   5691

The overall rate of serious adverse events at 30 days was 3.5% (95% confidence interval 3.4% to 3.7%) and at 90 days was 4.6% (4.4% to 4.8%). [Table 2](#tbl2){ref-type="table"} shows the overall estimates for specific adverse events and [table 3](#tbl3){ref-type="table"} the age and sex stratified estimates for any adverse event. The risk of any serious adverse event within 90 days for participants aged 85 years and older was high (1 in 9 women and 1 in 5 men). Supplementary table 1 presents the specific stratified rates for all cause death, pulmonary embolism, myocardial infarction, lower respiratory tract infection, acute kidney injury, urinary tract infection, and cerebrovascular events. Logistic regression confirmed that age, sex, and Charlson comorbidity index were all statistically significant predictors of the risk of serious adverse events at both 30 and 90 days (supplementary fig 1). For women aged 50-64, the relative risk of pulmonary embolism compared with baseline was 61 (95% confidence interval 50 to 73) from day 0 to day 30 and 28 (22 to 37) for the first 90 days overall. The likelihood of dying from any cause within 90 days of surgery was 0.47% (95% confidence interval 0.39% to 0.57%). Compared with overall baseline population mortality rates published by the ONS, the relative risk of all cause death at 30 days after shoulder replacement surgery was 0.93 (95% confidence interval 0.65 to 1.32) and at 90 days was 0.63 (0.50 to 0.79).

###### 

Unadjusted all cause mortality and serious adverse events within 30 and 90 days of shoulder replacement surgery in 58 054 participants at risk

  Adverse event by follow-up time      No of events   Incidence: % (95% CI)
  ------------------------------------ -------------- -----------------------
  All cause death:                                    
   30 days                             58\*           0.23 (0.18 to 0.30)
   90 days                             118\*          0.47 (0.39 to 0.57)
  Pulmonary embolism:                                 
   30 days                             106            0.18 (0.15 to 0.22)
   90 days                             156            0.27 (0.23 to 0.31)
  Myocardial infarction:                              
   30 days                             121            0.21 (0.17 to 0.25)
   90 days                             161            0.28 (0.24 to 0.32)
  Lower respiratory tract infection:                  
   30 days                             870            1.50 (1.40 to 1.60)
   90 days                             1110           1.91 (1.80 to 2.03)
  Acute kidney injury:                                
   30 days                             475            0.82 (0.75 to 0.90)
   90 days                             565            0.97 (0.90 to 1.06)
  Urinary tract infection:                            
   30 days                             593            1.02 (0.94 to 1.11)
   90 days                             809            1.39 (1.30 to 1.49)
  Cerebrovascular event:                              
   30 days                             81             0.14 (0.11 to 0.17)
   90 days                             137            0.24 (0.20 to 0.28)
  Any serious adverse event:                          
   30 days                             2045           3.52 (3.37 to 3.68)
   90 days                             2677           4.61 (4.44 to 4.79)

Based on participants undergoing surgery in 2012-17 only (25 011 participants at risk).

###### 

Risk of any serious adverse event within 30 and 90 days of shoulder replacement surgery stratified by age and sex

  Age groups by sex   No at risk   30 days                         90 days         
  ------------------- ------------ --------- --------------------- --------- ----- ---------------------
  Men:                                                                             
   50-64              4758         75        1.6 (1.3 to 2.0)                101   2.1 (1.7 to 2.6)
   65-74              6309         147       2.3 (2.0 to 2.7)                199   3.2 (2.7 to 3.6)
   75-84              4270         252       5.9 (5.2 to 6.7)                334   7.8 (7.0 to 8.7)
   ≥85                637          111       17.4 (14.5 to 21.0)             135   21.2 (17.9 to 25.1)
  Women:                                                                           
   50-64              6660         104       1.6 (1.3 to 1.9)                145   2.2 (1.9 to 2.6)
   65-74              15 258       351       2.3 (2.1 to 2.6)                475   3.11 (2.8 to 3.4)
   75-84              16 716       691       4.1 (3.8 to 4.5)                903   5.4 (5.1 to 5.8)
   ≥85                3446         314       9.1 (8.2 to 10.2)               385   11.2 (10.1 to 12.3)

The lifetime risk of further surgery was considerably higher in young participants compared with older participants and appears to decrease linearly ([fig 2](#f2){ref-type="fig"}, supplementary table 2). In all age groups, the risk was slightly higher in men than in women. The lifetime risk of implant revision ranged from 2.7% (95% confidence interval 2.6% to 2.8%) in women aged 85 years and older to 23.6% (23.2% to 24.0%) in men aged 55 to 59 years. The estimates for the lifetime risk of any reoperation in the same groups were 3.7% (3.6% to 3.8%) and 31.9% (31.3% to 32.4%).

![Lifetime risk of revision and reoperation after elective primary shoulder replacement, stratified by age and sex at time of primary procedure](crar047835.f2){#f2}

In total, 3891 implants required revision, of which 456 were preceded by another reoperation. At the time of most recent follow-up, 1366 shoulders required other operations without implant revision. Overall revision-free implant survival rates were 90.0% (95% confidence interval 89.6% to 90.3%) at 10 years post-surgery and 87.8% (87.2% to 88.4%) at 18 years post-surgery ([table 4](#tbl4){ref-type="table"}, supplementary table 3). Nineteen per cent of participants undergoing one revision had at least one additional procedure on the same shoulder. The indication for the first recorded revision or reoperation was infection in 10.7% of cases (561/5257).

###### 

Unadjusted Kaplan-Meier estimates for revision-free implant survival at 5, 10, 15, and 18 years post-surgery, including numbers lost to follow-up and death

  Years post-surgery   No still at risk   No of revisions   Reason for censoring   Implant survival: % (95% CI)   
  -------------------- ------------------ ----------------- ---------------------- ------------------------------ ---------------------
  0                    58 054                                                                                     
  3                    36 783             2646              3757                   14 868                         94.7 (94.5 to 94.9)
  5                    25 858             631               2674                   7620                           92.8 (92.6 to 93.0)
  10                   8151               523               5032                   12 152                         90.0 (89.6 to 90.3)
  15                   1664               87                1891                   4509                           88.1 (87.6 to 88.7)
  18                   266                4                 278                    1116                           87.8 (87.2 to 88.4)

Participants were at greatest risk of revision in the first five years after surgery across all age groups. Kaplan-Meier estimates for cumulative revisions at 5, 10, and 15 years, stratified by age and implant type ([figs 3 and 4](#f3 f4){ref-type="fig"}) confirm the clear association between age and revision risk at all time points. These plots also show that revision risk is highest soon after surgery and diminishes over time---noticeably so in older participants. The period of ongoing risk for patients aged less than 60 years seems to extend beyond 10 years of follow-up, and there may be a peak of delayed revisions in these patients.

![1 minus Kaplan-Meier estimates of revision risk, stratified by age and sex](crar047835.f3){#f3}

![Point estimates of revision risk (95% confidence interval) at 5, 10, and 15 years, stratified by age and sex](crar047835.f4){#f4}

The most common types of further non-revision surgery required after primary shoulder replacement were subacromial decompression or acromioclavicular joint excision (860 procedures, 1.5%). Manipulation under anaesthesia was also frequently performed (521 procedures, 0.9%) ([table 5](#tbl5){ref-type="table"}).

###### 

Most common reoperation procedures performed (excluding implant revision), grouped according to need for implant revision surgery

  Procedure type                                                  No of revision surgeries         
  --------------------------------------------------------------- -------------------------- ----- ----
  Subacromial decompression or acromioclavicular joint excision   666                        194   75
  Rotator cuff repair                                             117                        39    8
  Manipulation under anaesthesia                                  362                        159   46
  Washout/debridement/excision of tissue                          261                        101   95
  Procedures for treatment of instability                         105                        28    18
  Fixation of periprosthetic fracture                             41                         9     6

Some participants underwent more than one additional procedure type.

Discussion
==========

This study found that the estimated lifetime risk of revision surgery after an elective shoulder replacement is much higher in younger patients, particularly men (one in four for men aged 59 years and younger). The lifetime risk of revision varies greatly with age; patients aged 55-59 years have a fourfold risk compared with those aged 85 years and older. When all types of further shoulder surgery are considered, the lifetime risk of reoperation is as high as one in three for men aged 55-59 years. The secondary Kaplan-Meier analyses confirm that this is due to more than simply increased time at risk, with younger patients experiencing considerably higher revision rates within the first five years.

Serious adverse events have been considered low after this operation, but we found that they are more common than previously described. Inpatient care for serious medical adverse events or all cause death occurred in 46 per 1000 procedures. The most common events were lower respiratory tract infections, urinary tract infections, and acute kidney injury. Incidence rates for adverse events were considerably higher in older patients and men. Overall mortality was lower than the expected rates for the general population; however, one in 18 men aged more than 85 years had died within 90 days of surgery. Rates of pulmonary embolisms were much higher than in comparative baseline populations.

Strengths and weaknesses of this study
--------------------------------------

By using large volume population level data, we have been able to make precise estimates for both lifetime risk of revision surgery and incident rates of adverse events that are representative of real world national outcomes. The additional time-to-event estimates from routine survival analysis allow for direct comparison with other published data. This study benefits from universal coverage of a national healthcare system and has less risk of confounding from local geographical, socioeconomic, and commissioning factors than studies from single units or regions. Serious event rates and lifetime revision risks are presented here with sufficient granularity to support discussions relevant to age and sex specific patient groups.

The study methodology accounts for the competing risk of death by applying revision risk and all cause mortality to a standardised population. The estimates of lifetime risk are limited by the overall length of available follow-up; 19 years in this case. Longer follow-up may be expected to yield more accurate estimates for younger patients who are more likely to remain alive with their implant still in situ, thus remaining exposed to ongoing risk. Therefore, if anything, the lifetime risk estimates reported here represent a lower limit. Across age groups, however, the likelihood of revision surgery declines over time ([figs 3 and 4](#f3 f4){ref-type="fig"}), and no revisions were recorded between 16.4 and 19.0 years of follow-up. As such, we would expect any underestimate to be small. The possible exception is in men aged less than 55 years who had a slightly lower risk than the next age band. The factors influencing the likelihood of failure and the decision to undertake revision surgery in these younger patients are not fully understood.

Hospital episode statistics (HES) data rely on accurate coding of procedures by hospital trusts for them to receive correct remuneration. Although the information on procedure type might not be as detailed as that collected by dedicated joint replacement registries,[@ref27] HES data have been shown to provide a more complete record of revision arthroplasty procedures, with less risk of underreporting bias.[@ref28] Audit work from the North East Quality Observatory Service has found 96% agreement for the side of shoulder replacement surgery but only 87% agreement for the specific type of shoulder replacement performed. No procedures were, however, incorrectly identified as a shoulder replacement in a sample of 440 cases (L Lingard and A Rangan, personal communication, 2018). Stratification of results by procedure type and indication was specifically not performed within our study and could represent a source of confounding. The study results are not generalisable to patients aged less than 50 years, as we excluded them from the analysis. This patient group is considerably more heterogeneous, with more frequent inflammatory and post-traumatic indications.

No standard reference dataset exists for analysing adverse events; however, previous validation studies have found high agreement between HES data and primary care records, including rates of greater than 90% for myocardial infarction, pulmonary embolism, and cerebrovascular disease.[@ref29] Complication rates reported in this study are specifically those severe enough to warrant inpatient hospital care. We are not able to provide an estimate of the rate for all venous thromboembolism events, since many deep vein thromboses will be treated without hospital admission and not recorded, and therefore the results provide an underestimate. Lower respiratory tract infections in HES data might only represent 22% of all infections.[@ref30] Those treated in hospital, however, are likely to be more seriously ill. Likewise, chronic undiagnosed indolent prosthetic infections will lead to an underestimated prosthetic infection rate.

Comparison with other studies
-----------------------------

The literature is dominated by unstratified time-to-event estimates of long term revision risk, which have limitations when applied across different patient groups. Revision risk is underestimated in young people, and overestimated in older patients, a group who may already be more risk averse.[@ref31] Previous studies have reported unadjusted estimates of revision-free implant survival ranging from 89% to 92% at 10 years.[@ref32] [@ref33] [@ref34] [@ref35] [@ref36] These published figures are similar to those found for our study population. The only published 20 year implant survival rates are from one centre (Mayo Clinic, MN) and indicate an 85% survival for 1431 humeral head replacements and 81% for 2588 total shoulder replacements.[@ref32] [@ref33] These estimates are lower than the mean long term implant survival estimates for our study, but the mean age of patients in these studies was 63 and 65 years, respectively; substantially lower than our study mean age of 73 years. The proportion of men was also considerably higher, which might account for the higher reported revision rates. More importantly, the Mayo Clinic report data from a single specialised centre, whereas we report more relevant and generalisable results by using national data from multiple specialist and general hospitals.

Our literature review did not identify any useful data on rates of acute kidney injury, cerebrovascular events, respiratory tract infection, or urinary tract infection. Several US studies using large nationwide discharge database samples report rates of inpatient pulmonary embolism as 0.1% to 0.3%, inpatient myocardial infarction as 0.1% to 0.6%, and all cause death as 0.1% to 0.2%.[@ref37] [@ref38] These study populations were, however, mixed and included large proportions of patients with trauma and acute fractures and those older than 85 years. These are all powerful risk factors for serious adverse events. Moreover, these studies did not capture the full period of increased risk, which is thought to extend for up to 90 days for thromboembolic disease.[@ref25] We report the incidence of pneumonia at 30 days to be three times higher than in another recent study.[@ref39] Studies that do present risk estimates at 30 and 90 days post-surgery are typically limited by small sample size and again are skewed by the inclusion of trauma and revision procedures.[@ref40] [@ref41] [@ref42] We did not include additional estimates of symptomatic deep vein thrombosis in our study.

The relative risk for pulmonary embolism compared with baseline risk was 61 in the first 30 days and 28 in the first 90 days after shoulder replacement surgery. Although this estimate is half that following hip and knee replacement surgery, it is at a surprisingly high level for previously considered lower risk surgery. In our study, mortality rates were lower than the population risk, which is similar to the findings for a study of hip replacement surgery within the same population.[@ref18] This suggests that patients undergoing elective surgery are likely to be a healthier subset.

Meaning of the study
--------------------

The number of shoulder replacement procedures performed is expanding rapidly, and with growing numbers in patients aged less than 60 years as well as 80 years and older.[@ref6] [@ref43] [@ref44] All younger patients, particularly men, need to be aware of the high likelihood of early failure of their implant and the need for further and more complex revision replacement surgery. As the population ages, it is likely that demand for shoulder replacement in older people will continue to increase, and the high risk of adverse events described here should form part of shared decision making with patients. The risk levels in this study are higher than previously considered by clinicians. Patients need to be informed of these levels and carefully counselled about the potential risks of serious adverse events. The alarmingly high rates of adverse events in elderly patients with comorbidities suggests that better approaches to patient selection, preparation, and postoperative care might be required. The age and sex specific estimates in this study provide the best quality information to date for patients and clinicians to use when discussing elective shoulder replacement surgery.

Unanswered questions and future research
----------------------------------------

As future innovation will undoubtedly increase the possibilities of treatment for both younger and older patients, a pressing need remains to monitor serious adverse events and revision rates and develop prediction tools to help identify those patients most likely to benefit from surgery, while minimising such adverse events, revision surgery, and further healthcare costs. Revision shoulder replacement surgery is complex, challenging, and with greater risk, and so surgeons often encourage patients to live with shoulder disability and a failing implant. As such, revision rates might not be fully reflective of the true failure rates, which are likely to be higher, and the burden of patients living with an unsatisfactory shoulder replacement is largely unknown. The value of chemical thromboprophylaxis in shoulder surgery is uncertain and international and national variations in practice exist. This study should raise awareness further with its identified higher rates of thromboembolic events. We recommend further research to develop optimal thromboprophylaxis protocols to reduce thromboembolic events while limiting the secondary risk of bleeding complications in this patient group. If we are to continue to safely treat the growing population of older patients with multimorbidity, research is needed to aid selection, optimisation, and management of patients throughout their entire healthcare pathway to minimise the risk of serious adverse events.

### What is already known on this topic

1.  Rates of shoulder replacement surgery for arthritic conditions are increasing rapidly

2.  No study has reported on the lifetime risk of further surgery after elective primary shoulder replacement surgery

3.  Serious adverse events are considered rare after shoulder surgery, based on studies which typically lack sample size, adequate follow-up, or clear inclusion criteria

### What this study adds

1.  The estimated lifetime risk of revision surgery after an elective shoulder replacement is much higher in younger patients, particularly men (one in four for ages 59 years and younger)

2.  The risks of serious adverse events within 90 days of shoulder replacement surgery are much higher than previously estimated

3.  Rates were 4.6% overall, 0.3% for pulmonary embolism and for myocardial infarction, 1.9% for lower respiratory tract infection, 1.0% for acute kidney injury, 1.4% for urinary tract infection, 0.2% for cerebrovascular event, and 0.5% for all cause death
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